Target controlled infusions (TCI) of propofol allow anaesthetists to target constant blood concentrations and respond promptly to signs of inappropriate anaesthetic depth. Studies comparing propofol TCI with manually controlled infusion (MCI) reported similar control of anaesthesia, but did not use an objective measure of anaesthetic depth. We therefore tested whether the Bispectral Index (BIS), an electroencephalographic (EEG) variable, is more stable during propofol TCI or MCI. Forty patients received midazolam and fentanyl before induction and were randomized to TCI or MCI. Target propofol concentrations in the TCI group were 3 to 8 µg/ml. The MCI group received propofol bolus (≈2 mg/kg) and infusion (3 to 10 mg/kg/h). Neuromuscular blockade was achieved with rocuronium. Following endotracheal intubation, nitrous oxide (66%) in oxygen was delivered and propofol infusion and fentanyl boluses were titrated against clinical signs. Blood pressure, heart rate and EEG were recorded, although the anaesthetist was blind to BIS values. The ideal BIS for general anaesthesia was defined as 50. Performance error, absolute performance error, wobble and divergence of BIS, and maximum changes in blood pressure and heart rate were compared using two-sample t-tests or rank-sum tests where appropriate. There was no difference in absolute performance errors during maintenance of anaesthesia with propofol TCI or MCI (23±11% vs 23±9%; P=0.97). The two groups did not differ significantly in performance error, wobble, divergence on haemodynamic changes. We conclude that TCI and MCI result in similar depth of anaesthesia and haemodynamic stability when titrated against traditional clinical signs.
Propofol is the most suitable intravenous agent for maintenance of anaesthesia, because it is easy to titrate and is associated with high quality recovery 1 .
Delivery options for maintenance of anaesthesia with propofol include repeated boluses, manually controlled infusion (MCI) and target controlled infusion (TCI). TCI systems for propofol allow anaesthetists to target constant blood concentrations of propofol and respond promptly and accurately to signs of inappropriate anaesthetic depth 2 . Previous studies comparing TCI with MCI reported similar quality and control of anaesthesia, but did not use a validated measure of anaesthetic depth [3] [4] [5] [6] . The Bispectral Index (BIS; Aspect Medical Systems Inc.) is a multivariate index derived from the spontaneous electroencephalograph (EEG) 7 . Monitoring with BIS has been reported to track hypnotic level and anaesthetic concentration 8 and improve anaesthetic titration 9 . We therefore compared control of anaesthetic depth, as indicated by BIS, during TCI or MCI of propofol in surgical patients under relaxant general anaesthesia.
As a measure of the control of anaesthetic depth, we chose the median absolute performance error, which describes the extent of the typical deviation of BIS values from ideal 10, 11 .
MATERIALS AND METHODS
With Ethics Committee approval and written, informed consent, we studied 40 patients aged 18 to 70 years, of American Society of Anesthesiologists (ASA) physical status 1 to 3, who required relaxant general anaesthesia for elective surgery. Patients weighing more than 150% of their ideal weight, requiring rapid sequence induction or with brain pathology which would compromise EEG recording were excluded. Randomization to TCI or MCI was achieved using random number tables and sealed opaque envelope allocation after consent had been obtained.
Intravenous access was established and routine monitoring commenced. Oxygen saturation, blood pressure and heart rate were measured noninvasively five-minutely. Inspired and expired gases, core temperature and the status of neuromuscular blockade were monitored. Following skin preparation, the raw EEG was acquired using Zip-prep™ electrodes in a two-channel referential montage (At1, At2, reference: Fpz, ground: Fp1 or 2; all impedances <5,000 V) and an A-1000 EEG monitor (Aspect Medical Systems Inc., Natik, MA, U.S.A.). Raw EEG files were analysed off-line using version 3.4 of the BIS algorithm. The anaesthetist was blind to BIS values throughout.
All patients received midazolam 0.03 mg/kg and fentanyl 2 µg/kg before induction. Propofol was delivered by a Graseby 3500 infusion pump in Diprifusor™ (AstraZeneca Pharmaceuticals Ltd) or manual mode (Graseby Medical Ltd). In both groups, induction doses were chosen based on patient age and fitness, and were titrated to loss of the eyelash reflex. Maintenance targets or infusion rates were adjusted according to clinical signs (i.e., heart rate, blood pressure, lacrimation and sweating). The recommended target propofol concentration for induction in the TCI group was 3 to 8 µg/ml and for maintenance was 2 to 5 µg/ml. The recommended induction dose in the MCI group was ≈2 mg/kg, delivered at 1200 ml/h, with infusion at 3 to 10 mg/kg/h during maintenance. Neuromuscular blockade was achieved and maintained with rocuronium. Following endotracheal intubation, the lungs were ventilated with nitrous oxide (66%) in oxygen. Additional fentanyl boluses (1 µg/kg) were given at the discretion of the anaesthetist. At the end of surgery, neuromuscular blockade was reversed with neostigmine and glycopyrrolate, propofol and nitrous oxide administration were ceased and the trachea was extubated. Patients were observed and monitored in the operating room until responsive to command and were then transferred to the recovery room.
The induction time was defined as the time from the start of propofol administration until loss of the eyelash reflex. Recovery times were defined as the times from discontinuation of propofol infusion to eye-opening on command, tracheal extubation and orientation to time and place. The induction volume was defined as the dose of propofol administered from the start of propofol administration until loss of the eyelash reflex. The total dose of propofol infused and the number of changes in target concentration or infusion rate were also noted.
Data analysis
BIS recordings from the time when each patient lost consciousness until the time when propofol infusion was ceased were used to assess the performance of TCI versus MCI with respect to anaesthetic depth. BIS data were rejected if the signal quality index was less than 50%. The median BIS value during this time was calculated for each patient (induction and recovery data were not included, as this may have adversely affected results in shorter compared with longer cases). A BIS value of 50 (the mid-point of the recommended range 9 ) was defined as "ideal" for maintenance of anaesthesia.
To describe the stability of BIS values during propofol infusion, we used the classic methods of Varvel et al 10 , which were originally developed to measure the performance of target controlled infusion devices ( Figure 1 Systolic blood pressures and heart rates were compared to awake control values. Maximum increases and decreases in systolic blood pressure and heart rate were determined for each patient.
All data were first tested for normality. Distributions of age, height and weight in the two groups were compared using two-sample Kolmogorov-Smirnov tests, as similar spread is more important than similar average values for reducing the effects of confounding when comparing groups at baseline. Fentanyl dose, times to response to command, tracheal extubation and orientation to time and place, changes in systolic blood pressure and heart rate, median BIS values, MDPE and MDAPE in the TCI and MCI groups were compared using unpaired twosample t-tests. Induction dose, induction time, total dose, duration of propofol infusion, number of changes in target or infusion rate, wobble and divergence for each group were compared using Wilcoxon rank-sum tests. These were also used to compare BIS values before induction, at loss of consciousness, intubation, cessation of propofol infusion, response to command and extubation for the two groups; and BIS values at loss of consciousness and response to command within each group. ASA status and surgical procedures were compared using Fisher's Exact test.
The primary endpoint for the study was the MDAPE of measured BIS values. We chose MDAPE as the primary endpoint, because it best predicts the accuracy of performance, as judged by experienced clinicians 10 . A sample size of 16 patients per group was calculated to provide adequate power to detect a 50% difference in MDAPE between the two groups (α=0.05, β=0.8, standard deviation=10). The rationale for this calculation was as follows. If a system maintained BIS within the recommended range of 40 to 60, then the MDAPE for that system would be 20%. If we define the minimum clinicallyunacceptable range as a BIS 30 to 70, then the MDAPE will be 40% (a 50% difference). All statistical analyses were performed using Stata 6.0 (Stata Corporation, Texas, U.S.A). Results are presented as mean (standard deviation), median (range) or counts; P<0.05 was considered statistically significant.
RESULTS
The TCI and MCI groups were similar in terms of demographic characteristics (Table 1) . Induction doses were significantly lower and induction times were significantly longer in the TCI compared with the MCI group. Higher propofol infusion rates in the TCI group during maintenance resulted in similar total doses in the two groups. Recovery times and haemodynamic stability were similar in the two groups, as were duration of infusion and analgesic requirement ( Table 2) . No patient reported awareness of intraoperative events.
Performance error, absolute performance error, wobble and divergence were not significantly different (Table 3) . BIS values were not significantly different at any endpoint during anaesthesia or recovery. BIS values were higher at loss of consciousness than at response to command in the TCI group [90 (47 to 97) vs 80 (30 to 97); P=0.05] but not the MCI group [92 (43 to 98) vs 84 (36 to 97); P=0.13) ( Figure 2 ).
DISCUSSION
Previous investigators used clinical signs of inappropriate anaesthetic depth, such as movement and respiratory depression, to compare the stability of propofol anaesthesia with TCI or MCI. For example, TCI is reported to result in less movement 3, 5 and less apnoea 4,5 , but similar depth of anaesthesia, as defined by a clinical scoring system, when compared with MCI 5,12 . Small differences in heart rate and arterial blood pressure also have been reported 3,6 . However, clinical signs are not good measures of anaesthetic depth or predictors of responsiveness during anaesthesia 13, 14 . Furthermore, the investigators were not blind to the method of propofol administration during these studies. Therefore, a comparison of TCI with MCI of propofol using a validated measure of anaesthetic depth was warranted. The Bispectral Index is a promising measure of anaesthetic depth 15, 16 and is the most rigorously evaluated of the available monitors [7] [8] [9] [17] [18] [19] [20] . Using BIS as a measure of anaesthetic depth, we found that TCI had no advantage over MCI for maintaining stable anaesthesia with propofol, in terms of our primary endpoint, median absolute performance error (MDAPE: inaccuracy). In this study, BIS values were more often around 40 than our ideal value of 50 and were typically ±10 BIS units from the ideal value. Both wobble and divergence were within acceptable limits for both groups.
Our results may have been different if we had compared manually controlled infusion with a TCI system targeting the effect-site rather than blood. Effect-site steered systems for propofol are more accurate than blood steered systems in predicting hypnotic effect and BIS values, and are able to actuate more rapid changes in anaesthetic depth, without haemodynamic instability 21, 22 . As such, an effect-site steered system may have been able to target our ideal BIS of 50 more precisely and with less bias, wobble and divergence.
Despite the fact that the anaesthetist was blind to the BIS, anaesthetic depth was adequate at endotracheal intubation and during surgery. The median BIS at intubation was 36 in both groups, which is appropriate, because previous studies in volunteers 18, 8 have reported that 95% will be unresponsive to noxious stimulation at a BIS of 38 and unresponsive to command at a BIS of 51. However, recovery times in our study were longer than those achievable when BIS monitoring is used 9 .
BIS values at response to command were similar to previous reports 9, 23 . However, BIS values at loss of consciousness were somewhat higher than previous reports 23 and, in the TCI group, significantly greater than at response to command. This may be explained by the fact that the displayed BIS value, which is updated every six seconds, is the result of averaging over at least the previous 15 seconds 24 . In addition, anaesthetic concentration increases, and the BIS decreases, more rapidly at induction of anaesthesia than during recovery. Therefore, the BIS may be greater during induction than during emergence, as it is influenced by high "awake" values. Some patients recorded unexpectedly low BIS values at loss of consciousness and response to command. When anaesthetic depth is increasing rapidly, the electronic marker used to identify loss of consciousness on the EEG monitor is more difficult to record precisely. Low BIS values in some patients at response to command may be explained by the fact that BIS values around 50 are not guaranteed to prevent responsiveness, especially in surgical patients 8, 25 .
Our results confirm previous reports that induction doses are smaller, induction times are longer, main-tenance doses are larger and recovery times are similar with TCI compared with MCI of propofol [3] [4] [5] [6] . Consequently, the cost of the two techniques may be equivalent 26 . In our study, the number of changes in infusion rate or target concentration did not differ between the groups, whereas Servin 5 reported fewer interventions in a TCI group. Fewer interventions and less movement during anaesthesia may account for the conclusion of previous investigators that TCI is easier to use and provides better quality of anaesthesia than MCI 3,5 . We did not ask anaesthetists to make subjective assessments of quality in our study.
In conclusion, target controlled infusion and manually controlled infusion of propofol result in similar depth of anaesthesia, as evidenced by stability of the EEG Bispectral Index, when titrated against traditional clinical signs. Either method is suitable for maintenance of anaesthesia with propofol.
